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Editor: D. BarceloDegradation of solid polymers in the aquatic environment encompasses a variety of biotic and abiotic processes
giving rise to heterogeneous patterns across the surface of the material, which cannot be investigated using con-
ventional Matrix-assisted laser desorption ionization time-of-ﬂight mass spectrometry (MALDI-TOF-MS) that
only renders an “average” picture of the sample. In that context, MALDI-TOF MS Imaging (MALDI MSI) provides
a rapid and efﬁcient tool to study 2D spatial changes occurred in the chemical composition of the polymer surface.
Commercial polycaprolactone diol (averagemolecularweight of 1250Da)was selected as testmaterial because it
had been previously known to be amenable to biological degradation. The test oligomer probe was incubated
under aerobic and denitrifying conditions using synthetic water and denitrifying mixed liquor obtained from a
wastewater treatment plant respectively. After ca. seven days of exposure the mass spectra obtained by MALDI
MSI showed the occurrence of chemical modiﬁcations in the sample surface. Observed heterogeneity across
the probe's surface indicated signiﬁcant degradation and suggested the contribution of biotic processes. The re-
sults were investigated using different image processing tools. Major changes on the oligomer surface were ob-
served when exposed to denitrifying conditions.
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There is an increasing concern on the effects caused by synthetic
polymers in the environment. Most of today's synthetic polymers are
persistent (Eubeler et al., 2009) thus generating signiﬁcant sources of
environmental pollution potentially harmful to wildlife when they are
dispersed in nature (Scott, 2000). For example, the disposal of non-de-
gradable plastic bags adversely affects sea-life (Siracusa et al., 2014). It
is widely accepted that the use of long-lasting polymers in products
with a short life-span, such as engineering applications, packaging,
catering, surgery, and hygiene, is not environmentally adequate
(Siracusa et al., 2008). Moreover, incineration of plastic waste is often
limited due to economic viability (Li et al., 1995) and in certain cases
may give rise to toxic emissions of environmental concern. On the
other hand, plastic recycling shows a negative eco-balance in nearly
all cases aswell. As plastics represent a large part of thewaste collection
at the local, regional, and national levels, institutions are now aware of
the signiﬁcant savings that compostable or biodegradable materials
would generate (Gross and Kalra, 2002). Therefore replacement of con-
ventional plastic by degradable polymers, particularly for short-term
applications (packaging, biomedicine) (Baruah and Dutta, 2009;
Silvestre et al., 2011), is of major interest to the society. However, till
now, degradable polymers have not found extensive applications to
largely replace conventional plastic materials, reasons being their high
production costs and sometimes their inadequate properties
(Narayan, 2001). Therefore, investigation of polymer degradation has
become a topic of major interest.
Polymer degradation encompasses a variety of abiotic (mechanical,
thermal, chemical, photolysis) and biotic (biodeterioration,
biofragmentation) degradation processes thatmight take place simulta-
neously (Göpferich, 1996; Molero et al., 2008). Studies of polymer deg-
radation include both the measurement of physical-chemical and
rheological properties, such as intrinsic viscosities and average molecu-
lar weights (Pitt and Zhong-wei, 1987), and the use of chemical analyt-
icalmethods aswell. Themost commonly used analytical techniques for
monitoring the degradation of polymers include GC–MS, LC-MS, NMR
and Matrix-assisted laser desorption ionization time-of-ﬂight mass
spectrometry (MALDI-TOF MS) (Eubeler et al., 2009). These techniques
give information on the molecular structure of polymers, and allow ob-
serving the changes occurred over time.MALDI-TOFMS, ﬁrst developed
to study peptides and proteins has also been applied to synthetic poly-
mers analysis (Favier et al., 2004). This technique allows the analysis of
polymers with very different absolute molecular weight, although for
an optimal characterization, this technique requires that the polymer
has a relatively low mass in order to obtain high resolution and good
mass accuracy (Nielen, 1999; Schriemer and Li, 1996). MALDI-TOF MS
is ideally suited for polymer analysis because of simple acquisition of
the mass spectra which show mainly single-charged quasi-molecular
ions with hardly any fragmentation (Rizzarelli and Carroccio, 2014).
Simple sample preparation, fast analysis times, the variety of available
matrices and low sample consumption are other advantages of this
technique (Montaudo et al., 2006). Despite these advantages, MALDI-
TOF MS has been seldom used in the study of polymer degradation in
water. For example some authors studied the hydrolytic degradation
of poly (ethylene terephthalate) by MALDI-MS in water (Weidner et
al., 1997). The aerobic biodegradation of poly(vinylpyrrolidone) poly-
mer was monitored on a laboratory-scale ﬁxed-bed bioreactor run
with river water applying MALDI-TOF MS (Trimpin et al., 2001).
All the foregoing analytical methods (NMR, GC–MS, LC-MS and
MALDI-TOF-MS) are reliable but they involve a homogenization step
so that they yield only information relative to the sample under study
as awhole. In other words, the spatial information is lost. In contrast, bi-
ological mediated processes tend to proceed on a rather heterogeneous
way across space, so that their proper characterization requires the use
of imaging techniques. MALDI MS Imaging (MALDI MSI) consists of the
use of MALDI as a mass spectrometry imaging technique. The sample isscanned in two dimensions at a preselected spatial resolution while the
mass spectrum is recorded. Advantages, like measuring the spatial dis-
tribution of a large number of analytes almost simultaneously without
destroying the sample, make it a useful method in solid-surface study
(Crecelius et al., 2014). Other technical and operational advantages of
MALDI MSI deserving to be mentioned include fastness, robustness
and direct analysis of samples, thus introducing a minimum perturba-
tion on the structure. However, the analytical process requires some op-
timization regarding sample preparation and matrix selection and
deposition (Kaletaş et al., 2009; Fröhlich et al., 2014; Crecelius et al.,
2014; Klerk et al., 2007; Astigarraga et al., 2008).
The present study aims at exploring the possibilities ofMALDIMSI as
a semi-quantitative and qualitative method for the study of polymer
degradation inwater under different environmental conditions, namely
aerobic and denitrifying conditions. To that end, synthetic river water
and denitrifying mixed liquor obtained from a wastewater treatment
plant (WWTP) were used. Polycaprolactone diol, aliphatic polyester,
was selected as testing material owing to its physical-chemical proper-
ties, commercial affordability and degradability.
2. Methods
2.1. Materials
Polycaprolactonediol homopolymer (MW= 1250 Da) used in the
degradation experiments was purchased from Polysciences (Warring-
ton, USA). The matrix trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) was purchased from Aldrich
(Steinheim, Germany).
The caps units were purchased from Exposmeter AB (Tavelsjo, Swe-
den). Each capsule unit consists of a plastic piston and a plastic cap with
a window 2 cm in diameter.
2.2. Degradation experiments
Degradation experiments were carried out by placing capsules ﬁlled
with polycaprolactonediol (3–6 g) in the reactors under two different
water conditions, as explained below.
2.2.1. Aerobic conditions
To simulate the degradation conditions on a real an artiﬁcial stream
(mesocosm) located at the indoor Experimental Streams Facility of the
Catalan Institute for Water Research (Girona, Spain) was used.
Physicochemical conditionswere designed tomimic those of natural
streams. The artiﬁcial streamwas 2m long, had a rectangular cross-sec-
tion of 50 cm2 andwas set up as an open systemwith constant slope and
steady, uniform ﬂow. Artiﬁcial stream operated with water with a con-
stant ﬂow of 60 mL s−1, resulting in mean water velocity of 0.88 ±
0.03 cm s−1, and a water depth over the plane bed between 2.2 and
2.5 cm. The artiﬁcial stream was ﬁlled with approximately 100 L of
sand (mean diameter = 0.37 mm). Sand was sterilized in a
Presoclave-II 30 L autoclave (120 °C for 20min) (JP Selecta S.A., Barcelo-
na, Spain), then it was evenly distributed in the artiﬁcial stream to cre-
ate a plane bed that facilitated the growth of the epipsammic bioﬁlm.
Bioﬁlm inocula were obtained from an unpolluted segment of Segre
River (Puigcerdà, Girona, Spain), after scraping 10–12 cobbles. New in-
ocula were provided twice a week to each channel during the ﬁrsts
3 weeks of the colonization period.
Source water for the artiﬁcial stream was rainwater collected in a
tank before being ﬁltered through activated carbon ﬁlters. Concentra-
tions of phosphate and ammonium were raised as average
(0.022 mg L−1 P-PO43− and 0.014 mg L−1 N-NH4+), by means of injec-
tion of concentrated solutions (KH2PO4 and NH4Cl, respectively) and
using a peristaltic pump (IPC Ismatec, Glattbrugg, Switzerland). Daily
cycles of photosynthetic active radiation (PAR)were deﬁned as 9-h day-
light+15-h darkness. PARwas held constant at 150 μEm−2 s−1 during
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a cryo-compact circulator (Julabo CF-31, Seelbach, Germany). Total ex-
posure time was 5 days.
2.2.2. Denitrifying conditions
To compare aerobic and anaerobic denitrifying degradation condi-
tions, liquor collected from the denitrifying tank of a nearby WWTP
was used. The capsules ﬁlled with polycaprolactonediol (3–6 g per cap-
sule) were placed in a 5 L Erlenmeyer ﬂask ﬁlled with 2.5 L of
denitrifying liquor agitated with a magnetic stirrer. Anaerobic condi-
tions were ensured by keeping the system under a stream of nitrogen.
When necessary (day 3), the concentration of nitrate was increased by
injecting a solution of NaNO3 at a concentration of 50 mg L−1. The oxy-
gen concentration was monitored using a portable oximeter probe (Ysi
Inc., Ohio, United States) to maintain the anaerobic denitrifying condi-
tions along the experiment. After a total exposure time of 7 days, sam-
ples were collected and processed as explained below (Section 2.3).
Moreover, in both experiments the following parametersweremon-
itored: temperature, pH, conductivity, dissolved oxygen, nitrates andni-
trites (see Supplementary data Tables S1 and S2).
2.3. MALDI MSI
2.3.1. Sample preparation
For MALDI-TOF measurements, the tested oligomer was taken out
from the capsules and dried in a desiccator for 15 min. Slices of 14–
16 μm were cut in a cryo-microtome and placed onto indium-tin
oxide (ITO) coated glass slides (Sigma Aldrich). The samples were
placed in a desiccator for 15 min before sublimation. The matrix was
coated using a sublimation device (Fisher Scientiﬁc, Madrid, Spain)
using 30 mg DCTB. Sublimation conditions were 100 mTorr pressure
at 140 °C during 15 min. Sample slice was externally cooled with ice.
2.3.2. Mass spectrometry
All experiments were performed using an AutoFlex III MALDI-TOF/
TOF instrument (Bruker Daltonik GmbH, Bremen, Germany) equipped
with a Smartbeam laser at 200 Hz laser at the “medium focus” settingFig. 1.Overall averageMALDIMSI spectra of polycaprolactonediol (chemical structure shown in
aerobic conditions; C) after 5 days of exposure in water under denitrifying conditions. Note tha
used): A) ×1; B) ×3 and C) ×60. Peaks at (m/z) 750.1 and 1000.2 marked with * correspond tandwere controlled using FlexControl 3.0 (Bruker Daltonik GmbH, Bre-
men, Germany).
The analytical conditions for theMALDI MSI analysis were set as fol-
lows: positive reﬂector ion mode; ion source 1 V, 19 kV; ion source 2 V,
16 kV; lens voltage, 8.5 kV; andmass range,m/z 600–4000. Laser irradi-
ance was maintained slightly above threshold. Mass spectra were ac-
quired with spatial resolution set at 200 μm. For each pixel, 250 laser
shots were measured per position as a sum of 25 consecutive laser
shots in 10 random walk shot steps.
2.4. Image processing
Raw spectra were analyzed with FlexImaging 4.0 software (Bruker
Daltonik GmbH, Bremen, Germany) after baseline subtraction and
RootMean Square (RMS) normalization. Ion densitymapswere created
for ions observed from the skyline projection spectrum. Masses were
manually selected with a mass accuracy set to ±0.1% (manual peak
picking). Regions of interest (ROIs) were manually deﬁned by using
both the sample image and MSI data.
Image processing and data analysis were done using differentmulti-
variate statistical treatments such as Correlation of Peaks or Hierarchical
Cluster Analysis (SCiLS Lab software, Bremen, Germany) allowing iden-
tiﬁcation and quantiﬁcation of the altered areas.
3. Results and discussion
Average MALDI-TOF MS spectra (range m/z 700 to 2300) of the
starting material and the two exposed samples are shown in Figs. 1A–
C at different attenuation factors. The starting material and the sample
exposed to aerobic conditions exhibit very similar mass spectra with
only slight differences in the intensities of the heavier ions (Fig. 1A
and B), thus reﬂecting a different distribution of the chain lengths, the
latter showing a shift of the maximum towards longer chains (i.e.,
from m/z 1155.7 to 1383.8). Peak spacing (m/z 114.1) is consistent
with increasing number of monomer units (Fig. 1A insert). In contrast,
in the spectrum of the sample obtained under denitrifying conditions
exposure (Fig. 1C) pronounced differences suggested the occurrencethe insert). A) Standard polycaprolactonediol; B) after 7 days of exposure in water under
t the intensity scales of the three spectra are different (i.e., different attenuation factors are
o the matrix DCTB. Ions shown are sodium adducts [M+ Na]+.
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ple still appear, their relative intensities have changed with the maxi-
mum of distribution shifted to lower molecular weights. The presence
of a second series of oligomers, likewise spaced by m/z 114.1 (m/z
1069.6, 1183.6 and 1297.7), is visible in the spectra of the original olig-
omer and in its degradation samples (see Fig. 1A, B and C). With respect
to their abundance in the spectrum of the starting material (Fig. 1A),
their relative intensities have increased during the exposure (Fig. 1B).
These peaks could be tentatively explained by oxidation of the two ter-
minal hydroxyl groups to carboxylic acid of the parent peaks m/z
1041.6, 1155.7 and 1269.7 respectively, entailing a mass increment of
28. Such transformation pathway is observed, for instance, in the degra-
dation of terminal –CH2OH groups in polyethyleneglycols (Bernhard et
al., 2008; Eubeler et al., 2010). In order to gain insight into the spatial
pattern of the degradation process, MALDI MSI techniques were used.
They allow generating 2D images across the oligomer surface using se-
lected ions. As an example, Fig. 2 A1, A2, A3 shows the images generated
using the main ion of the starting material spectrum (m/z 1155.7) on
the three samples analyzed. As expected, the three images shownotable
differences on the uniformity (homogeneity) of the spatial distribution.
Whereas the starting material shows a smooth and highly homoge-
neous spatial distribution (Fig. 2 A1) there is an increasingFig. 2. A)MALDI MSI sections plotting ion 1155.7 (m/z) (main ion of the standard). (A1) Standa
(A3) after 5 days of exposure inwater under denitrifying conditions. B) Images obtained by hier
(Bruker Daltonik GmbH, Bremen, Germany). Equally colored areas denote pixels having same a
5 days of exposure inwater under denitrifying conditions. C) Comparison of images correspond
data processing with Flex Imaging 4.0 software (Bruker Daltonik GmbH). Some images of the d
Spatial differences among pixels using the different ions are visible across the surface of the saheterogeneity when going through the aerobic conditions exposed
sample (Fig. 2 A2) andﬁnally to the sample kept under denitrifying con-
ditions (Fig. 2 A3). In this latter case the almost total disappearance of
the peak concerned is evidenced from the predominant “black” areas.
Polyesters and speciﬁcally polycaprolactones are reported to undergo
degradation under both aerobic and anaerobic conditions (Eubeler et
al., 2010). To better investigate the changes occurred in that sample,
we ﬁrst proceeded to record the average spectra until lower mass
ranges (Fig. 3A and B). The ﬁrst image (Fig. 3A) corresponds to the spec-
trum of the initial polycaprolactonediol, and the second is the result
after 5 days of exposure in water under denitrifying conditions (Fig.
3B), thus revealing several peaks: (a) those at m/z 500, 750 and 1000
which are due to the clusters formed by the matrix DCTB and (b) the
standard material presents peaks at ca. m/z 462.8 and 669.7 that pre-
sumably correspond to impurities already present (Fig. 3A), while the
sample obtained under denitrifying conditions exhibits one new peak
(m/z 395.1) which could be attributed to the sodium adduct of
C18H28O8 whose possible structure is shown in Fig. 3B. The presence of
sodium ions atm/z 23.0 is observed in both spectra aswell. The practical
absence of low molecular weight (i.e., below m/z 300) degradation
products in the MALDI MSI spectra is likely due to their dissolution in
water during exposure (Park, 1994).rd polycaprolactonediol; (A2) after 7 days of exposure in water under aerobic conditions;
archical cluster analysis using all ions, after data processing with Flex Imaging 4.0 software
verage spectra. (B1) after 7 days of exposure in water under aerobic conditions; (B2) after
ing to standard, aerobic and denitrifying exposure samples using different single ions, after
enitrifying conditions sample are missing because the corresponding ion was not present.
mples. Ions shown are sodium adducts [M+ Na]+.
Fig. 3.MALDIMSI average spectra obtained for the range (m/z) 0–700. (A) Starting polycaprolactonediol and (B) after 5 days of exposure in water under denitrifying conditions. Peaks at
(m/z) 500.2 and 750.1 correspond to thematrix DCTB. Ions shown are sodiumadducts [M+Na]+. Peak at (m/z) 395.1 is tentatively attributed to the sodiumadduct of C18H28O8 (chemical
structure shown in the insert).
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proved upon treatment with image processing software (see Fig. 2 C).
These images provide ion basedmaps, using the intensities of the select-
ed ion in each pixel (pixels are set at a spatial resolution of
200 × 200 μm, and for each pixel 250 random spectra are averaged). Ex-
amples of suchmaps using ionsm/z 699.4, 813.5, 927.5, 1041.6, 1155.7,
1269.7, 1383.8, 1497.9, 1611.9, 1726.0, 1840.1, 1954.1, 2068.2, 2182.3
and 2296.3 are represented in Fig. 2C. They enable identifying what
are the most relevant ones on each sample as well as how are spatially
distributed the sites in which the degradation processes are located.
Heterogeneity of the changes produced across the sample surface sug-
gests a contribution of biotic mediated processes. The extent of the
changes is maximal in the sample exposed at denitrifying conditions
in which some common ions in the other two are lacking (i.e., m/z
699.4, 813.5, 1726.0, 1840.1, 1954.1, 2068.2, 2182.3, 2296.3). Further-
more, the information resulting from the whole spectra (not only a sin-
gle ion) of each pixel can be combined using hierarchical cluster
analysis. The so obtained clustering highlights similar areas based onspectra coincidences among pixels (i.e., equally colored areas denote
pixels having same average spectra). To gain some insight on the extent
of changes occurred in a given sample, correlations between the inten-
sities of all peak pairs in each pixel were computed. Thematrices of cor-
relation coefﬁcients for starting polymer, aerobic and denitrifying
exposure are shown in Fig. 4 A, B and C respectively. Representative ex-
amples of such correlations using different pairs of ions are presented in
Fig. 4D and E (the examples given correspond to correlations between
ionsm/z 1269.7 vs.m/z 1041.6 and 1611.9 vs.m/z 1041.6 and are traced
in the corresponding correlation matrices by a colored circle; every
pixel is represented by a ‘×’ in the plot). Increasing heterogeneity
among pixels translates into decreasing correlation coefﬁcients (taking
as reference those of the starting referencematerial). In general the cor-
relations followed, as expected, the rank startingmaterial N anaerobic N
denitrifying. This provides a semi-quantitative measure of the extent of
changes occurred in the oligomer surface, thus conﬁrming that the sam-
ple exposed to denitrifying conditions has undergone the greatest struc-
tural transformations.
Fig. 4.Matrices of correlation coefﬁcients between ion pairs in the pixels of a given sample. Correlations are obtained using the intensities of the respective peak pairs of all pixel spectra
recorded for the sample concerned. (A) Standard polycaprolactonediol; (B) after 7 days of exposure in water under aerobic conditions; (C) after 5 days of exposure in water under
denitrifying conditions. Selected examples of the correlation plots are shown in panels D and E (examples deployed are circled in the corresponding correlation matrices A, B, C):
Correlation plots between ion m/z 1269.7 vs. ion m/z 1041.6 (plots D1, D2 and D3) and ion m/z 1611.9 vs.1041.6 (plots E1, E2, E3). Every pixel is indicated with a colored circle on the
plots. (D1) and (E1) Standard polycaprolactonediol; (D2) and (E2) after 7 days of exposure in water under aerobic conditions; (D3) and (E3) after 5 days of exposure in water under
denitrifying conditions. Correlation plots were obtained using Flex Imaging 4.0 software (Bruker Daltonik GmbH, Bremen, Germany).
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MALDI MSI reveals as a rapid and efﬁcient tool to investigate struc-
tural changes occurred across the surface of a polyester oligomer ex-
posed to different aquatic environments. The resulting images indicate
that the degradation proceeds on a rather spatial heterogeneous man-
ner, thus supporting the contribution of biotic processes. Moreover,
MALDI MSI allows to clearly differentiating (qualitatively and semi-
quantitatively) in terms of chemical structure changes between aerobic
and denitrifying conditions. Further work is in progress.
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